Abstract. We investigated the potential of using stable-carbon (␦ 13 C) and hydrogen (␦D) isotope ratios in feathers of Red-winged Blackbirds (Agelaius phoeniceus) to delineate geographic origins where feathers were grown. We used outer primary feathers from territorial male blackbirds along a broad latitudinal transect from Louisiana, USA to Saskatchewan, Canada. Feather ␦D values showed an expected depletion with latitude, and were correlated strongly (r 2 ϭ 0.83) with the mean growing season ␦D for precipitation at collection sites. Feather ␦
INTRODUCTION
Determining the breeding origins of migratory birds and other wildlife is crucial to our understanding of their ecology. Establishing linkages between areas used by animals throughout their annual cycles is also critical to their effective conservation and management since efforts can be directed more appropriately at those breeding populations of interest on their natal, stopover and wintering sites (Myers et al. 1987 , Hutto 1998 . Unfortunately, our understanding of such linkages for most migratory birds in North America is extremely poor due to our general inability to efficiently mark, follow and recapture appropriate numbers of individuals over vast geographic areas, both within and between years. Conventional approaches, such as leg bands, have only been an effective means of delineating larger game bird populations where sufficient numbers are recovered. Similarly, the use of satellite transmitters are expensive and only useful for species large enough to carry them. These fundamental limitations have recently given rise to alternate means of delineating populations, including geographic variation in morphometrics (e.g., Linz et al. 1993) , DNA techniques (Ball et al. 1988 , Wenink et al. 1994 ) and stable isotope techniques (reviewed by Hobson 1999) . These fields of research rely on intrinsic characteristics or chemical markers within individuals that can be used to infer membership to a breeding population. Hobson and Wassenaar (1997) and Chamberlain et al. (1997) recently demonstrated that measurements of Manuscript received 19 November 1998; revised 11 May 1999; accepted 27 June 1999. deuterium in bird feathers could be used to infer geographic origins where the feathers were grown at continental scales. This approach represents a major breakthrough in the ability to track birds and other migratory organisms (Kelly and Finch 1998) . This approach is based on the fact that stable-hydrogen isotope ratios in precipitation show a continent-wide pattern in North America with a general gradient of relatively enriched values in the southeast to more depleted values in the northwest (Sheppard et al. 1969 , Taylor 1974 . Such isotopic patterns are transferred up the foodweb to birds. When feathers are grown they acquire stableisotope values in their nonexchangeable hydrogen fractions that reflect those values of their diet (see also Mizutani et al. 1990 Mizutani et al. , 1992 . Because migratory birds in North America grow their feathers on or around their breeding grounds, they can carry to their wintering sites isotopic information derived from the foodweb at the breeding site.
Other stable isotopes may also be useful for using past dietary histories of individuals to infer movement patterns (e.g., Chamberlain et al. 1997 . For example, stable-carbon isotope signatures in terrestrial food webs are known to differ according to photosynthetic pathway (Tieszen and Boutton 1988) . Plants using a C 4 photosynthetic pathway such as corn and sorghum are typically more enriched in 13 C over those using a C 3 pathway such as wheat (van der Merwe 1982) and these differences are maintained throughout foodwebs based on these sources of primary production (DeNiro and Epstein 1978) . Using stable-carbon isotopic measurements of Lesser Snow Geese (Chen caerulescens) moving north in spring, Alisauskas and Hob- (Table 1) where territorial male Red-winged Blackbirds were sampled. Deuterium isotopic contours indicate mean growing-season ␦D values in precipitation as derived using techniques described in Hobson and Wassenaar (1997) . son (1993) were able to infer which birds wintered in corn-producing areas of the Midwestern United States (see also Alisauskas et al. 1998) . Recently, Marra et al. (1998) were able to relate migration timing in American Redstarts (Setophaga ruticilla) to their wintering ground habitat based on strong carbon isotopic differences in foodwebs in moist vs. xeric habitats in the Caribbean. The use of multiple isotopic tracers will likely increase our ability to infer origins of migratory species provided strong regional differences in foodweb signatures occur (Hobson 1999) . Hobson et al (1999) and Wassenaar and Hobson (1998) recently used deuterium and stable-carbon isotope ratios in the wings of monarch butterflies from North America and Mexico to quantify and delineate breeding origins in North America.
The use of stable isotope measurements shows promise as a tool to investigate movements and origins of a wide range of organisms. However, the strong correlation between deuterium isotope measurements in modern organisms and long-term isotopic patterns in growing-season precipitation has just recently been demonstrated for forest songbirds (Hobson and Wassenaar 1997, Chamberlain et al. 1997 ) and butterflies ). It is not clear how well this relationship holds in other situations, particularly those involving foodwebs where water-hydrogen may be derived from groundwater or wetlands whose deuterium signatures potentially differ from those of rainfall. In this study, we used both deuterium and stable-carbon isotope measurements of feathers of Red-winged Blackbirds (Agelaius phoeniceus) collected along a latitudinal gradient from Louisiana, USA, to Saskatchewan, Canada. Red-winged blackbirds are wetland-associated species during the breeding season but also make use of surrounding agricultural crops including corn, wheat, and sunflower (Linz et al. 1993 , Knittle et al. 1996 ) that differ in their stable-carbon isotopic signatures. We reasoned that this species should show strong regional differences in isotopic signatures through this interior transect based on latitudinal variation in deuterium in precipitation and variation in the use of C 3 -and C 4 -based agricultural crops. Red-winged Blackbirds are also of interest from a management and conservation perspective because they have been the focus of numerous studies attempting to find ways of linking breeding and wintering populations in order to focus attention on those populations causing damage to agricultural crops (Linz et al. 1993 ).
METHODS

The sample
From mid-May to mid -July 1982 -July , 1983 -July , and 1985 , territorial male Red-winged Blackbirds were randomly collected, as part of another study (Linz et al. 1993) , from one-degree latitude-longitude blocks from Louisiana to Iowa. Additional collections of birds from Saskatchewan were conducted in 1996 and in North Dakota in 1998 (Table 1, Fig. 1 ). Sample locations represented birds collected from single marshes. One wing was removed from each bird and stored frozen either at the Denver Wildlife Research Center, North Dakota State University, or the Canadian Wildlife Service in Saskatoon. We removed a single outer primary from each wing for analysis. Thus, our stable isotope data for each site are based on single values for each individual bird sampled at that site.
Stable isotope analysis
Feathers were cleaned of surface oils by rinsing 2-3 times in a 2 : 1 mixture of chloroform : methanol. Because a portion of the total hydrogen of feathers (largely keratin) is available for isotopic exchange with ambient water vapour (Chamberlain et al. 1997) , it was necessary to quantify and eliminate the effect of this uncontrolled, temperature dependent, variable. Unfortunately, complete elimination of exchangeable hydrogen (i.e., hydrogen involved in O-H bonds) by chemical techniques such as nitration is not possible for complex organic matter (Schimmelmann 1991 , Chamberlain et al. 1997 . Hydrogen-isotope exchange between feather and water vapour was first quantified by equilibrating samples with steam having a wide range of hydrogenisotopic values (Ϫ135 to ϩ525‰) at constant temperature (130 Ϯ 0.1ЊC) and then measuring the total hydrogen ␦D values (Schimmelmann 1991) . Hydrogen in feathers available for isotopic exchange at this temperature was determined to be 23 Ϯ 0.7% (r 2 ϭ 0.99, P Ͻ 0.001, n ϭ 30; Wassenaar and Hobson, in press ). In all our samples, potential variability resulting from uncontrolled hydrogen-isotopic exchange was subsequently eliminated by controlled equilibration of all feather samples with steam (␦D ϭ Ϫ135‰) at 130 Ϯ 0.1ЊC for 2 h. Sample reproducibility of repeated equilibrated samples was better than Ϯ2‰ for ␦D. Thus, total hydrogen isotopic results for equilibrated samples could be reliably compared among samples and sites. Following steam equilibration in Vycor breakseal tubes (Corning, Inc., Corning, New York), all water vapour was cryogenically removed, samples were sealed under vacuum, combusted at 850ЊC in the presence of cupric oxide, and followed by cryogenic separation of CO 2 from H 2 O. Waters of combustion were reduced to H 2 gas on zinc (Hobson and Wassenaar 1997) . Stable-isotope analyses were performed on a Micromass Optima dual inlet isotope-ratio mass spectrometer (Micromass UK Ltd., Manchester, UK). Stable-carbon isotope analyses are reported in parts per thousand (‰) deviation from the PDB standard, with a sample reproducibility better than Ϯ0.1‰. Stablehydrogen isotope results are reported in parts per thousand deviation from the SMOW standard, normalised on the VSMOW/SLAP scale, with a sample reproducibility better than Ϯ2.0‰.
We compared feather ␦D values from each location with the growing season average ␦D values in precipitation expected for that location (often through interpolation) according to the database described in Hobson and Wassenaar (1997) updated to 1998.
Statistical analysis
We examined differences among groups in stable isotope signatures using both a multivariate analysis of variance (MANOVA) and the distribution-free multiresponse permutation procedure (MRPP, Berry et al. 1983) . We chose to confirm results based on parametric tests by using the permutation test in response to recommendations by Rosing et al. (1998) for ecological data involving stable isotope distributions and because of small sample sizes of some groups. Between-group differences were analyzed for each isotope using 95% confidence intervals. Using both isotopes simultaneously, we tested between-site differences using, multiple pairwise MRPP comparisons with P values of each comparison adjusted using the Bonferroni inequality method (Johnson and Wichern 1992) . Discriminant Function Analysis (DFA) was also used to examine how well feathers could be associated with sites. All statistical analyses were performed using SPSS and PC-ORD (McCune and Mefford 1995).
RESULTS
We found a considerable range in both ␦ 13 C (Ϫ33.2‰ to Ϫ9.5‰) and ␦D (Ϫ149.8‰ to Ϫ31.0‰) values for feathers of Red-winged Blackbirds (Table 1, Fig. 2 ). Overall, sampling sites differed in their mean feather stable isotope values (MANOVA Wilk's Lambda F 20, 104 ϭ 23.4, P Ͻ 0.001), a result confirmed also using multiple-response permutation procedure (MRPP: T ϭ Ϫ14.95, P Ͻ 0.0001). Using both ␦ 13 C and ␦D values for all sites, discriminant function analysis (DFA) correctly classified 80% of samples to site. This value dropped to 64% when only ␦D values were used, indicating that ␦ 13 C provided a useful additional means of delineating origins of blackbirds. MRRP analyses, with P values adjusted according to the Bonferroni criteria, indicated that Sites A, B, C, and G formed a cluster of sites with comparatively depleted ␦ 13 C values but enriched ␦D values; Sites D, E, F, and I were a cluster of sites with both enriched ␦ 13 C and ␦D values; Site H overlapped with Sites E and G; and Sites J and K had unique isotopic signatures compared to all other sites, with Site K having the most depleted mean ␦D value overall.
Stable-hydrogen isotope values showed a general trend of depletion with latitude (Table 1) with most enriched sites occurring in Louisiana and Mississippi and most depleted sites in Saskatchewan. The ␦D values for the Saskatchewan (Site K) and North Dakota (Site J) sites were unique but several of the remaining, more southerly sites showed considerable overlap in their ␦D values (Table 1) .
For feather ␦ 13 C values, sites did not show a strong latitudinal trend but instead showed two groups indicative of nutrient inputs to the diet from C 3 (Sites A, C, G, and K; range in mean ␦ 13 C: Ϫ27.3‰ to Ϫ23.6‰) and C 4 (Sites E, F, D, I; range in mean ␦ We found a strong positive relationship (r 2 ϭ 0.83) between ␦D for feathers (␦D f ) and those values for mean growing season precipitation (␦D p ) for our collection sites (Fig. 3) . The 95% confidence interval for the 1.1 slope of this relationship was 0.9 to 1.2.
DISCUSSION
Our study has demonstrated that ␦D and ␦ 13 C measurements of Red-winged Blackbird feathers can be used as a means of segregating breeding populations along a latitudinal gradient in North America. These results support the earlier findings of Hobson and Wassenaar (1997) and Chamberlain et al. (1997) that bird feathers generally follow growing-season precipitation contours in ␦D at sites where feathers were grown, but additionally emphasises the utility of ␦ 13 C measurements as a means of further segregating populations according to their use of C 3 vs. C 4 based foodwebs.
For Red-winged Blackbirds, the linear relationship we observed between feather and precipitation ␦D values was encouraging given the numerous factors that can influence feather stable-isotope values. Redwinged Blackbirds typically nest in association with wetlands where they consume aquatic insects. They also frequent surrounding uplands to feed and are known to make extensive use of agricultural crops, particularly following breeding. At the population level, there is tremendous variation in diet from site to site and between seasons particularly in the relative proportion of animal vs. plant material consumed (reviewed by Yasukawa and Searcy 1995) . The period of flight feather growth following the breeding season is also protracted, lasting from July through October and hence the potential for birds to disperse from their breeding site before feather growth is complete may be high. We also measured flight feathers that were grown on breeding sites the previous year; however, because we only used territorial males that tend to be highly philopatric to breeding sites (Orians and Beletsky 1989) , this is likely only a small source of error. Nonetheless, the isotopic variance seen within our blackbird samples is expected to be higher than for animals that do not migrate or potentially disperse over large distances such as the deer examined by Cormie et al. (1994a, b) .
The ␦D values for water in small wetlands can be influenced by a number of factors indirectly related to local precipitation. These include ␦D enrichment of water due to evaporation (particularly in small closed basins) as well as possible input from groundwater or local snowmelt in spring at more northern sites. Fortunately, most subsurface waters that control wetlands in North America closely reflect the average annual isotopic composition of local precipitation (Fritz et al. ISOTOPIC ORIGINS OF BLACKBIRDS 1987) . Cormie et al. (1994a, b) suggested that relative humidity (RH) can have a small effect on ␦D values of local foodwebs at continental scales. We did not include a correction for RH in our study because such data were poorly known for most of our wetland study sites that may differ from locations where meteorological data are typically recorded. Although our slope of ␦D f vs. ␦D p of 1.1 was within error of the value of 1.0 found by Cormie et al., our results are not directly comparable to theirs. However, Hobson et al. (1999) in their study of ␦D measurements in monarch butterflies (Danaus plexippus) across the eastern United States, also found no improvement in the slope of their measured relationship between ␦D in monarch wings and ␦D p when incorporating average growing season RH into their model. More importantly, in our study of Red-winged Blackbirds, we were only interested in whether or not ␦D measurements in feathers could be linearly related to patterns in ␦D p along an interior continental gradient in order to infer breeding origins. Further refinement of this approach may well include the inclusion of average growing-season RH if this can be measured accurately for sites of interest.
The use of ␦ 13 C measurements increased our ability to differentiate among breeding populations of blackbirds. This effect was due to the presence of both C 3 and C 4 inputs into foodwebs associated with blackbird use of agricultural crops. The group of sites showing greatest C 4 input were those located in the Midwest corn-belt states of Kansas, Missouri, Illinois, and Iowa, and we inferred that these birds likely made use of corn or sorghum during periods of feather growth. The more northerly sites in North Dakota and Saskatchewan, where C 3 based agricultural crops such as wheat are more common, predictably showed the most negative ␦ 13 C values, as did sites in Louisiana and Mississippi. However, even within states, both C 3 and C 4 based crops occur locally and we note that, unlike other sites in Iowa, Northwood (Site G) indicated a strong C 3 component to the feathers of blackbirds. Nonetheless, the tremendous interest in how blackbirds use agricultural crops and the presence of natural isotopic markers that can be related back to key C 3 vs. C 4 crops, suggests that stable-isotope analysis of blackbird feathers will be of great use in evaluating relationships between blackbirds and crops at the population level (see also Alisauskas and Hobson 1993 , Cormie and Schwarcz 1996 , Alisauskas et al. 1998 .
Suggestions for future research
Our study demonstrates the broad applicability of a dual-isotope tracer approach in delineating populations of migratory birds based on breeding location and their differential nutritional histories. However, this was simply a preliminary study to investigate the potential of the technique. Greater resolution of populations could be expected with increased sample sizes over larger geographic regions. An optimal approach to investigating the origins of migratory wildlife using the stable isotope approach would also be to create an isotopic contour map based on measurements of subpopulations of individuals across their entire breeding range , Hobson 1999 , Wassenaar and Hobson 1998 . In the same year that such an isotopic map is created, birds could be sampled on their winter roosts in order to infer their geographic breeding origins. While such an approach would be expensive, it would allow for a much more complete profile of the population, a process that could be repeated at regular intervals. Indeed, the use of stable-carbon isotope analyses alone would allow the tracking of the relative use of C 3 vs. C 4 plant-based foods to both breeding and wintering birds, depending on the tissue type chosen.
The immense potential of the stable-hydrogen isotope approach for tracking migratory wildlife underlines the need to further investigate and refine continental patterns of growing-season average deuterium levels in rainfall. Currently, there are large areas of the American continent where few or only short-term isotopic data for annual precipitation exist. Chamberlain et al. (1997) , Wassenaar and Hobson (1999) and Hobson et al. (1999) have demonstrated the potential for augmenting the use of deuterium measurements for delineating origins of migratory wildlife by the simultaneous measurement of ␦ 13 C and ␦D. Measurements of ␦ 87 Sr or ␦ 34 S might be particularly useful in cases where anthropogenic or geologic inputs differentially influence parts of a species breeding range. Measurements of isotopic Pb may also be of use (Krouse 1988 , Vogel et al. 1990 ). Clearly there is a vast, untapped suite of elements whose pattern of isotopic distributions in foodwebs among geographic areas is currently unknown. Ultimately, the cooperation of several academic disciplines (e.g., ecology, earth sciences) may lead to more powerful multivariate approaches to pinpointing origins of blackbirds and other migratory wildlife.
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